ClpB is a highly conserved heat shock protein that is essential for thermotolerance in bacteria and eukaryotes. One distinctive feature of all bacterial clpB genes is the dual translation of a truncated 79-kDa form (ClpB-79) in addition to the full-length 93-kDa protein (ClpB-93). To investigate the currently unknown function of ClpB-79, we have examined the ability of the two different-sized ClpB homologues from the cyanobacterium Synechococcus sp. strain PCC 7942 to confer thermotolerance. We show that the ClpB-79 form has the same capacity as ClpB-93 to confer thermotolerance and that the ClpB-79 protein contributes ca. one-third of the total thermotolerance developed in wild-type Synechococcus, the first in vivo demonstration of a functional role for ClpB-79 in bacteria.
Changing environmental conditions elicit the synthesis of new types of cellular proteins in all organisms. This conserved molecular response is best exemplified by high-temperature stress, during which specific groups of polypeptides known as heat shock proteins (HSPs) are rapidly induced. Many of these HSPs are now known to function as molecular chaperones and are part of larger protein families that include constitutive members. Protein denaturation and aggregation are the major types of cellular damage that result from high temperatures, and HSP chaperones respond by preventing aggregation, assisting refolding, and targeting misfolded protein for degradation (13) . The activity of such chaperones is essential for cell survival during heat shock and for subsequent recovery.
ClpB is a heat shock-inducible representative of the HSP100/Clp family of oligomeric ATPases. The family can be divided into several types based on specific sequence signatures and other structural characteristics (17) . Most member proteins are large (79 to 105 kDa) and contain two distinct nucleotide-binding domains separated by a spacer region of variable length (ClpA-E), whereas some are smaller (50 kDa) and have only one such domain (ClpX and ClpY). The various HSP100/Clp proteins are thought to function as molecular chaperones, with a common mechanism of dismantling multimeric protein complexes, as shown for ClpA and -X in Escherichia coli (7, 22) .
ClpB is an HSP found in almost all organisms studied to date. Separate nuclear genes encode two different-sized ClpB proteins in yeast, a 78-kDa protein localized in mitochondria (6) and a 104-kDa protein localized primarily in the cytosol (16) . Both ClpB proteins function as molecular chaperones. Along with DnaK (HSP70), mitochondrial ClpB helps prevent protein denaturation and aggregation at high temperatures (18, 19) , whereas cytosolic ClpB (HSP104) disassembles large protein aggregates that accumulate at extreme high temperatures (14) . Cytosolic ClpB also acts in concert with DnaK or DnaJ to promote the refolding of the once aggregated polypeptides (4) . Such functions are thought to underlie the necessity of cytosolic ClpB for the acquisition of thermotolerance in yeast (16) , which is the tolerance developed to a normally lethal high temperature by being preconditioned to a more permissive high temperature.
Like the cytosolic homologue in yeast, prokaryotic ClpB also facilitates resolubilization of protein aggregates during heat shock and cooperates with DnaK to enable their renaturation (5, 9, 10) . Despite this functional similarity, however, bacterial and eukaryotic ClpB proteins have one striking and highly conserved difference. Although like in eukaryotes, two different-sized forms of ClpB occur in eubacteria (79 and 93 kDa), both proteins originate from a single gene as a result of an internal translational initiation site within the clpB transcript (2, 21) . To date, the specific function of the truncated 79-kDa form (ClpB-79) remains unknown, although in E. coli, it is thought to have a regulatory role in the activity of the fulllength ClpB-93 protein (12) . To investigate the roles of ClpB-79 and -93 more closely, we have examined the involvement of each ClpB form in the development of thermotolerance in cyanobacteria. The model for this study was the ClpB1 protein in the unicellular strain Synechococcus sp. strain PCC 7942 (hereafter referred to as Synechococcus), which, like the HSP104 protein in yeast, confers thermotolerance (2)-the first and so far only such example in bacteria.
Site-directed mutagenesis of Synechococcus clpB1 gene. To test the function of the two different-sized ClpB1 proteins in Synechococcus, we used site-directed mutagenesis to prepare strains that synthesize only the full-length (ClpB1-93) or truncated (ClpB1-79) forms. Three plasmid constructs were made. In the first, pClpB93, the Val 160 start codon for ClpB1-79 synthesis was changed in the clpB1 gene from GTG to GTT to prevent translation initiation, but maintain the amino acid identity. For the second construct, pClpB79, the start Met 1 codon (ATG) was changed to a Thr (ACG) to prevent ClpB1-93 synthesis. Similar base alterations were earlier shown to prevent synthesis of the selected ClpB in E. coli without affecting the translation of the other form (12) . A control construct was also made (pClpB-c) containing the intact native clpB1 gene that produces both ClpB1-93 and -79 proteins. For all three constructs, a 200-bp region containing the heat-inducible promoter of the native clpB1 gene was included upstream of the clpB1 genes. A chloramphenicol resistance gene was also ligated upstream of the promoter region as a selectable marker. The three clpB1 constructs were transformed separately into cultures of the clpB1 null mutant (⌬clpB1) and integrated by recombination into a phenotypically neutral site locus (NSL) of the chromosome (1). Plasmid insertion into the NSL and its complete segregation were confirmed for each transformed strain by Southern blotting (data not shown). Strains successfully transformed with either the pClpB93, pClpB79, or pClpB-c constructs were termed ANB1-93, ANB1-79, or ANB1-c, respectively.
High-temperature induction of ClpB1 proteins. All cyanobacterial strains were grown in BG-11 medium as previously described (3) . Each of the three new strains (ANB1-93, ANB1-79, and ANB1-c) exhibited no phenotypic differences (growth rate, pigment composition, or cell morphology) from wild-type Synechococcus or the original ⌬clpB1 strain under standard growth conditions. To test the heat shock inducibility of the clpB1 constructs, the three ANB1 strains along with the wildtype and ⌬clpB1 strains were shifted from 37 to 48.5°C for 90 min, with all other growth parameters kept constant. Using an antibody specific for the C-terminal region of Synechococcus ClpB1 (15), the levels of ClpB1-93 and/or -79 were analyzed in cell extracts taken at 45-min intervals as previously described (3) . As shown in Fig. 1A , wild-type Synechococcus induced both ClpB1-93 and -79 proteins during the heat shift, consistent with the results shown previously (2). On average, there was a six-to sevenfold increase in ClpB1-93 protein during the high-temperature treatment, concomitant to a two-to threefold rise in ClpB1-79 content (Fig. 1B) . A similar induction profile for both ClpB1 proteins occurred in the ANB1-c complementation strain. The level of ClpB1 protein in ANB1-c, however, was consistently 80 to 90% of that in the wild type, suggesting that the 200-bp clpB1 promoter region used in the plasmid constructs confers this degree of native clpB1 gene expression.
For the two site-directed mutant strains, the level of ClpB1-93 induction in ANB1-93 mirrored that in the complementation ANB1-c strain, whereas no truncated ClpB1-79 protein was observed (Fig. 1B) . This confirmed that the single base change to Val 160 blocked ClpB1-79 synthesis in Synechococcus without affecting ClpB1-93 synthesis, as did the corresponding alteration to the clpB gene in E. coli (12) . In contrast, the ANB1-79 strain produced considerably less ClpB1-79 protein during the heat shock than both ANB1-c and wild-type Synechococcus, with ClpB1-79 protein only just being detectable after 90 min at 48.5°C (10 to 20% of the wild-type level). This indicated that mutagenesis of the Met 1 codon not only prevented ClpB1-93 synthesis but it also significantly reduced the translation of ClpB1-79 protein initiated at the Val 160 codon. Such an inhibition of ClpB-79 synthesis was not observed for the corresponding base change to the E. coli clpB gene (12) .
ClpB1-93 confers two-thirds of total thermotolerance acquired by Synechococcus. The ability of the ANB1-93 and -79 strains to develop thermotolerance was directly compared to that of ANB1-c, ⌬clpB1, and wild-type Synechococcus. As described previously (3), the thermotolerance assay involved shifting each strain from the 37°C growth temperature to either the severe temperature of 54°C for 15 min or first preconditioning them at 48.5°C for 90 min prior to the 54°C shift. Acquisition of thermotolerance was determined by cell survival measurements, with samples taken at selected time points. As shown in Fig. 2 , the loss of ClpB1 protein greatly reduced the degree of thermotolerance acquired by the ⌬clpB1 strain (0.2% Ϯ 0.1% cell survival after 15 min at 54°C) relative to the wild type (31% Ϯ 2%), consistent with our earlier findings (2). In comparison, the pClpB1-c construct conferred ca. 85% of wild-type thermotolerance to the complementation strain ANB1-c (26% Ϯ 5%), matching the relative level of ClpB1 protein induction in this strain. In ANB1-93, induction of only the ClpB1-93 protein also conferred a high degree of thermotolerance (17% Ϯ 4%) (Fig. 2) , but one-third less than the ANB1-c strain despite identical levels of ClpB1-93 protein (Fig. 1B) . The ANB1-79 strain also developed thermotolerance, although only slightly more than the original ⌬clpB1 mutant, again consistent with the low induction of ClpB1-79 protein in ANB1-79. Apart from thermotolerance, no significant differences in cell viability were observed between the strains during the direct shift from 37 to 54°C or during the 90-min pretreatment at 48.5°C (data not shown).
Increased levels of ClpB1-79 during heat shock. The difference in thermotolerance acquired by the ANB1-c and ANB1-93 strains and the ability of the ANB1-79 strain to develop thermotolerance above that of ⌬clpB1 both suggest that the truncated ClpB1-79 protein confers some degree of heat resistance to Synechococcus. Because of the low level of ClpB1-79 protein synthesis and developed thermotolerance in ANB1-79, however, we prepared a second construct for ClpB1-79 synthesis to clarify this point. In the pClpB1-79a plasmid, the 5Ј region of clpB1 from Met 1 to Val 160 was deleted and the Val codon was changed to a Met ATG . The resulting construct therefore should express only a truncated clpB1 transcript for ClpB1-79 synthesis under the control of the 200-bp clpB1 promoter fragment. This construct was transformed into the NSL of the ⌬clpB1 strain, and the resulting strain was called ANB1-79a. Correct insertion of pClpB1-79a into the NSL of ANB1-79a and its complete segregation were confirmed by Southern blotting (data not shown).
To test whether the new ANB1-79a strain produced increased amounts of ClpB1-79 protein, high-temperature shifts were simultaneously performed with cultures of ANB1-79a along with ANB1-93, the ⌬clpB1 strain, and wild-type Synechococcus. In these heat shock experiments, the induction profiles for ClpB1 in the wild type and ANB1-93 were similar to that of the earlier experiments, except that the relative level of induction was consistently higher in both strains (Fig. 3) . However, as observed earlier, the heat shock induction of ClpB1-93 in ANB1-93 was 80 to 90% of that in the wild type. For the new ANB1-79a strain, the amount of ClpB1-79 protein induced during the high-temperature treatment was considerably higher than that in the previous ANB1-79 strain. Compared to the induction of ClpB1-93 in ANB1-93, the increase in ClpB1-79 was only slightly lower in ANB1-79a (Fig. 3) .
With the ANB1-79a strain producing greater amounts of ClpB1-79 protein than the first ANB1-79 strain, we tested its ability to develop thermotolerance compared to ANB1-93. For each replicate experiment, ANB1-93 and -79a cultures were simultaneously used along with the wild-type and ⌬clpB1 strains. As shown in Fig. 4 , the new ANB1-79a strain developed a high level of thermotolerance, many times greater than that of the previous ANB1-79 strain. Indeed, the degree of thermotolerance acquired by ANB1-79a was not significantly different from that of ANB1-93 throughout the assay time course, indicating the ClpB1-79 protein has the same capacity of ClpB1-93 to restore thermotolerance to the ⌬clpB1 mutant.
ClpB1-79 contributes to the development of thermotolerance in Synechococcus. We have clearly demonstrated in this study that the truncated form of ClpB1 has the same capacity as the full-length ClpB1 protein to confer thermotolerance and that loss of ClpB1-79 reduced the total thermotolerance developed in Synechococcus. Given the relative proportion of both proteins produced from the native clpB1 gene, these results suggest that ca. one-third of the thermotolerance developed in wild-type Synechococcus derives from the ClpB1-79 protein. To our knowledge, this is the first in vivo evidence of the shorter ClpB protein having an active, functional role in bacteria at high temperatures.
The cotranslation of the ClpB-79 protein along with the full-length ClpB-93 is a characteristic of all known eubacterial clpB genes, but it is a feature absent for the eukaryotic homologues. Both prokaryotic forms are synthesized in coordinate amounts under various stress conditions (21) , and yet the reason for the two different-sized ClpB proteins in eubacteria has so far remained unresolved. Studies of the two ClpB forms in E. coli have suggested that the ClpB-79 protein has a regulatory effect on the full-length ClpB-93. Although both ClpB proteins exhibited similar basal ATPase activity, ClpB-79 lacked the enhanced activity stimulated by the addition of casein, suggesting it lacked one or more sites responsible for binding of protein substrates (12) . Moreover, this protein-enhanced ATPase activity of ClpB-93 was increasingly inhibited by the incorporation of the truncated ClpB-79 into the ClpB-93 oligomer. It was proposed that the truncated ClpB-79 could function as a regulatory protein, controlling the protein-activated ATPase activity of ClpB-93 and hence its function during high-temperature stresses (12) . Given the evidence of this study that the truncated ClpB protein has an identical capacity to confer thermotolerance as the full-length protein, the suggestion that ClpB-79 acts as a regulatory protein during heat shock is questionable. Although a regulatory role cannot be excluded at this stage, the ClpB-79 protein would appear to enhance the cell's ability to develop thermotolerance rather than restrict it, as was demonstrated by the higher degree of thermotolerance developed in the ANB1-c strain compared to that of ANB1-93. Precedence for an active ClpB of similar size to prokaryotic ClpB-79 exists in yeast in the form of the mitochondrial ClpB homologue (HSP78). As for ClpB-79, HSP78 has only a minimal N-terminal region extending upstream of the first nucleotide-binding domain (6) . Studies have shown that HSP78 cooperates with mitochondrial HSP70 to both prevent aggregation of misfolded matrix proteins (8) and dissolve protein aggregates that form at extreme high temperatures (19) . During severe heat shock, HSP78 is essential for maintenance of mitochondrial genome integrity and respiratory competence and for the reactivation of mitochondrial protein synthesis (19) . Moreover, when expressed and localized in the cytosol, HSP78 can partially substitute for cytosolic ClpB (HSP104) in conferring cellular thermotolerance (19) , suggesting that like the two forms of bacterial ClpB proteins, HSP78 and HSP104 in yeast have conserved modes of action.
The role of ClpB as a molecular chaperone during heat shock appears to be highly conserved in bacteria and eukaryotes. In yeast, both mitochondrial and cytosolic forms of ClpB promote the resolubilization of heat-denatured proteins that form large aggregates, initiating their refolding in cooperation with the DnaK chaperone system (4, 19) . Similar interactions between ClpB and the DnaK system in recovering aggregated proteins also occur in bacteria (9, 10, 23) . Like for yeast HSP104, it is presumably such chaperone activity by ClpB1 that confers thermotolerance to Synechococcus. If so, then the capacity of ClpB1-93 and -79 to confer thermotolerance infers they both function to disassemble heat-induced protein aggregates. Furthermore, a heat-inducible DnaK homologue has been identified in Synechococcus (11) , and it is likely that this chaperone functions cooperatively with the ClpB1 proteins during the development of thermotolerance.
Given the active involvement of ClpB1-79 in the acquisition of thermotolerance in Synechococcus, it would appear that full-length ClpB has at least two separate protein binding domains. One would be located in the N-terminal domain and be responsible for the casein-stimulated ATPase activity, as demonstrated for the E. coli ClpB protein, whereas the other would be located elsewhere and be present in both ClpB-93 and -79 proteins. The latter domain would be the one involved in recognition and binding of heat-induced protein aggregates and thus conferring thermotolerance to organisms like Synechococcus during severe heat stress. A possible site for this second protein-binding domain would be the C-terminal domain, downstream of the second ATP-binding domain. In this region, a specific domain for protein binding has been proposed for Clp/HSP100 proteins, including ClpB (20) . This domain, termed "sensor-and substrate discrimination," or SSD, has been shown to bind several protein substrates, although the specificity differs between different Clp/HSP100 proteins. Recognition and binding of protein aggregates by such a C-terminal SSD domain within ClpB would be consistent with the equivalent capacities of ClpB1-93 and -79 to confer thermotolerance as reported in this study.
